In this paper, we extend an alternative, phenomenological approach to inflation by means of an equation of state and a sound speed, both of them functions of the number of e-folds and three phenomenological parameters. This approach captures a number of possible inflationary models, including those with non-canonical kinetic terms or scale-dependent non-gaussianities. We perform Markov Chain Monte Carlo analyses using the latest cosmological publicly available measurements, which include Cosmic Microwave Background (CMB) data from the Planck satellite. In the context of the phenomenological description studied here, the sound speed of the primordial curvature perturbation is found to be cs > 0.2 at 95% CL for a number of e-folds N = 60. Within this parametrization, we discard scale invariance with a significance of about 10σ, and the running of the spectral index is constrained as αs = −0.62 +0.08 −0.09 × 10 −3 . The limit on the tensor-to-scalar ratio is r < 0.003 at 95% CL from CMB data alone. The maximum amplitude of the equilateral non-gaussianity that we obtain, |f equil NL | ∼ 2, is much smaller than the current Planck mission errors. Future high-redshift, all-sky surveys could reach the required accuracy on equilateral nongaussianities to allow for additional and independent tests of the parametrization explored here.
I. INTRODUCTION
Inflation is the leading and most attractive theory, with observational success, capable of describing the initial conditions of the universe while solving the main problems of the standard Big Bang Cosmology [1] [2] [3] . Usually inflation is described via the dynamics of a single new scalar degree of freedom, the inflaton, coupled to Einstein Gravity and slowly-rolling down a potential. The validity of the proposed inflationary potential relies on its predictions for the standard inflationary observables: the tensor-to-scalar ratio r, characterizing the amplitude of the gravitational waves produced during inflation, the scalar spectral index n s , measuring the scale dependence of the power spectrum P ζ (k), its running α s and possibly, the running of the running β s . However there is a plethora of theoretical models belonging to this type of scenario, i.e. of inflationary potentials, that could give predictions of the inflationary observables that are in good agreement with current Cosmic Microwave Background (CMB) measurements [4] . According to these observations, structures grow from Gaussian and adiabatic primordial perturbations.
However, another probe of the mechanism of the inflationary physics comes from the study of non-Gaussian components of the primordial fluctuations [5] . These contributions are characterized by the three-point correlation function of the primordial curvature perturbations ζ or its Fourier transform, the bispectrum B ζ (k). It is well known that a detectable large amount of nongaussianities would rule out the standard single-field slow-roll scenarios [6, 7] , leading to the study of exotic inflationary models or even theories with different dynamics for the generation of primordial perturbations. The amount of non-gaussianities is characterized by the observable f NL defined as ζ(x) = ζ g (x) + f local NL (ζ g (x)
2 − ζ g (x)
2 ), where ζ g is the primordial Gaussian curvature perturbation [8, 9] . Recent measurements from Planck CMB polarization data have set the limits f = −26 ± 21 with 68% CL errors [10] .
In general, there are inflationary models in which the value of the sound speed of the primordial curvature perturbation, c s , can be different from that of the speed of light 1 . These models are characterized by allowing noncanonical kinetic terms in the Lagrangian (see, e.g., [11] and references therein). Theoretically, it is possible to derive a limit in the sound speed as a function of the tensorto-scalar-ratio, provided that c s is constant [12] . Models in which not only the sound speed is non-standard (i.e. c s = 1) but also varies with time, such as in DiracBorn-Infeld (DBI) inflation [13] [14] [15] , lead to an amplitude f NL of the primordial bispectrum which is scaledependent [16, 17] . A varying sound speed, c s = c s (τ ), during the inflaton evolution can imprint features in both the matter power spectrum and bispectrum (P ζ (k) and B ζ (k), respectively) [18, 19] , see Ref. [20] for an extensive review 2 . These signatures can be constrained using cos-mological data and, therefore, studying them also helps as a discriminator of the inflationary mechanisms. In this work we adopt the phenomenological description of inflation from [44] in which both the equation of state and the sound speed are parameterized as a function of the number of e-folds N . Then, the usual inflationary parameters, i.e. tensor-to-scalar ratio r, the scalar spectral index n s and its running α s , are derived quantities and will also depend on N . As we shall illustrate in the following, this model generates features in the primordial power spectrum. The deviations from the standard P ζ (k), due to the variation of the sound speed, and the generated amplitude of the bispectrum, f NL , will be exploited to constrain this phenomenological approach to inflation.
The structure of the paper is as follows. Section II describes the parametrization used in this study. In Sec. III we use the available tools to compute the features in the primordial power spectrum P ζ (k) and the scale-dependent non-gaussianities arising on models with non-constant sound speed, applying them to our particular case. Section IV A contains the description of the method and of the cosmological data sets. In Sec. IV B, we present our results, including the derived limits on the standard inflationary parameters. Finally, we draw our conclusions in Sec. V.
II. PHENOMENOLOGICAL APPROACH TO INFLATION
An alternative approach to describe the inflationary paradigm can be provided by a phenomenological parametrization based on a hydrodynamical picture, through an equations of state [44] [45] [46] . During inflation, the equation of state is p −ρ −3H 2 M 2 Pl , while p ρ towards its ending. Here p and ρ are the pressure and the energy density respectively, H is the Hubble parameter and M Pl the reduced Planck mass 3 . With this scenario in mind, one can thus write a parametrization of the equation of state in terms of the number of e-folds left to the end of inflation, |dN | ≡ Hdt, as
Here the parameters α and β are both positive and of order unity. As shown in Refs. [44, 45] the parametrization above captures different inflationary models which vastly differ in their observational signatures. This hydrodynamical characterization of the inflationary scenario allows as well for a non-standard, time-varying c s . The sound speed is parameterized via [44] 
where δ ≥ 0, because the sound speed is assumed to grow towards the end of inflation, and γ is an arbitrary positive number. The expressions for the derived quantities, as the tensor-to-scalar ratio, the primordial spectral index and its running read as [45] :
where N indicates the number of remaining e-folds at horizon crossing. Notice that both the running α s and the tilt, n s − 1, are always negative.
It has been shown that a consequence of the inflationary models with a varying sound speed of the primordial perturbations is the presence of features in the primordial power spectrum P ζ (k) and in the primordial bispectrum B ζ (k) [19, 20, [47] [48] [49] [50] . The deviations of the primordial power spectrum from the standard case can be studied by isolating the contributions due to a non-standard c s as
Pl ) is the usual featureless primordial power spectrum. Then the corrections to the primordial power spectrum generated by the sound speed variations through time are given by [19] 
where
s (τ ) and τ is the conformal time. Using dN = −dτ /τ , which is valid for a de-Sitter space-time with constant expansion rate, we can write Eq. (2) in terms of the conformal time τ , and therefore the corrections to the primordial power spectrum can be computed as
where N e and N i refer to the end and the beginning of the inflationary period, which, in this parametrization (see Eq. (2)), are identified with N = 0 and N 60, respectively. In the following, we will fix the number of inflationary e-folds to 60. Figure 1 , top left panel, shows the galaxy power spectrum P (k) at a redshift z = 0.57, which corresponds to the mean redshift of the DR9 CMASS sample of galaxies [51] . These power spectrum measurements will be exploited in the next section in their Baryon Acoustic Oscillation (BAO) form to set constraints on the phenomenological inflationary approach studied here. Together with these measurements we show, in the top panel, the galaxy power spectrum for the best-fit ΛCDM parameters for the standard inflationary parametrization with c s = 1 [52] , together with the galaxy power spectrum for a time-varying c s (τ ) scenario, with γ = 1 and δ = 0.4, which correspond to the tightest 95% CL upper bound found here (see the following section). The nonlinear galaxy power spectrum in the canonical (c s = 1) ΛCDM scheme corresponds to the prediction from the Coyote emulator of Kwan et al. (2015) [53] . The bottom left panel of Fig. 1 illustrates the deviations with respect to the pure-linear case with c s = 1. Notice the oscillatory behaviour imprinted in the galaxy power spectrum, whose amplitude is governed by the parameter δ. [54] , together with the theoretical predictions using the best-fit spectrum in a standard ΛCDM cosmology [52] (i.e. with c s = 1, see the black curve) and those obtained in the inflationary approach explored here (see Eq. (2)). For the noncanonical case, we depict two scenarios (see the red and green curves), associated to the 95% CL upper bounds on the parameter δ governing the time-varying sound speed studied here. The remaining cosmological parameters have been set to their best-fit values. The bottom right panel of Fig. 1 illustrates the relative difference between the best-fit model and the non-canonical cases.
The corrections to the bispectrum B ζ (k) are parameterized in the same way, i.e. B ζ = B 0 + ∆B ζ . Here, B 0 represents the contributions to the bispectrum when c s = 1 and ∆B ζ /B 0 depends on ∆P ζ /P 0 (see Ref. [19] for details). The dimensionless shape function, f NL , governing the amplitude of the primordial non-gaussianities, can be deduced for three configurations: equilateral, local and folded. Concretely, in the model we explore here, we shall focus on the equilateral type of non-gaussianity, which typically arises in single field inflationary models with non-canonical kinetic terms and therefore with a time-varying c s . This type of non-gaussianities is given by [19] :
The current limit on equilateral non-gaussianity from the Planck experiment including polarization data is f equil NL = −4 ± 43 (68% CL errors) [10] . We shall illustrate in the next section that, for the values of the parameters within the ranges allowed by current cosmological data, the corresponding value of f equil NL is much smaller than the present error bars on this quantity.
IV. NUMERICAL ANALYSES
Throughout this section, we shall present the constraints on the model described by Eqs. (1) and (2) based on our numerical data analyses of current cosmological data. Both the methodology and the cosmological data sets exploited in this work are carefully detailed in what follows.
A. Methodology and Cosmological data sets
To put constraints on the inflationary model described above, we used the Boltzmann solver CAMB [55] to compute the cosmological evolution. Then, we fit the theoretical model to various cosmological datasets using the Markov Chain Monte Carlo code CosmoMC [56] to sample the parameter space. Both codes were modified in order to compute the tensor to scalar ratio r, the scalar spectral index n s and the running α s of the power spectrum of scalar perturbations as a function of α, β and δ, as in Eq. (3), and to compute the deviations from the standard primordial power spectrum from Eq. (5). The integral in Eq. (5) is computed using the FILON algorithm [57, 58] , that is specifically designed to integrate rapidly oscillating functions. In our analyses we fix γ = 1 in the sound speed equation, Eq. (2), to avoid superluminal modes.
The power spectra of initial (scalar and tensor) perturbations are then described by the normalization A s and by the parameters α, β and δ through the usual relations:
where the n t and α t are both obtained from the consistency relations n t = −r/8(2 − n s − r/8) and α t = dn t /d ln k = r/8(r/8 + n s − 1), and k 0 = 0.05 Mpc −1 is the pivot scale. The tensor-to-scalar ratio r is referred to the pivot scale k 0 .
The other parameters that we allow to vary are the baryon energy density Ω b h 2 , the cold dark matter energy density Ω c h 2 , the size of the sound horizon at recombination θ s and the optical depth to reionization τ . For all these parameters we use the flat priors given in Tab. I.
We perform our analyses testing the theoretical predictions against the most recent CMB data from the 2015 release of the Planck collaboration [59] . We separately consider the full temperature auto-correlation spectrum at all multipoles with the polarization spectra at low multipoles only (Planck TT+lowP) or with the inclusion of the polarization spectra at all multipoles (Planck TT,TE,EE+lowP).
To constrain the primordial tensor modes, we include in our analyses the joint results of the Bicep2/Keck and Planck collaborations [60] (BKP). For sake of brevity, in the following we will indicate with CMB the combination Planck TT+lowP+BKP and with CMB+POL the combination Planck TT,TE,EE+lowP+BKP.
The last dataset that we consider involves the Baryon Acoustic Oscillation (BAO) measurements as obtained by several experiments. Namely, we exploit BAO measurements from the 6dFGS [61] at redshift z = 0.1, the SDSS Main Galaxy Sample (MGS) [62] at redshift z eff = 0.15 and from the BOSS DR11 release at redshifts z eff = 0.32 and z eff = 0.57 [63] .
B. Results
The results arising from our numerical fits are summarized in Tab. II, where we show the 95% CL upper limits on the usual cosmological parameters (Ω b h 2 , Ω c h 2 , θ s , τ and log [10 10 A s ]) as well as on the inflationary parameters describing the phenomenological model explored here: α, β, and log(δ) (see Eqs. (1) and (2)). Then, we present as well the corresponding limits on derived quantities, such as the Hubble constant H 0 and the clustering parameter σ 8 , plus the constraints on the usual inflationary parameters n s , r and α s , obtained by making use of Eqs. (3) . We also show the derived limits on the sound speed during inflation, c s . Table II shows that, while the limits obtained on the α and β parameters agree with previous findings in the literature [45] , the yet-unexplored δ parameter, directly related to the time-varying sound speed explored here, Eq. (2), is not very well constrained by data. A value of δ = 0 leads to the canonical slow-roll scenario with a constant sound speed c s = 1. The 95% CL upper limits found here, δ < 0.6 and δ < 0.4, arising from the analyses of CMB (or CMB+POL) and CMB+POL+BAO respectively, can lead to significant departures in the primordial power spectrum from its standard shape. The primordial power spectrum features induced by the timedependent sound speed inflationary paradigm studied here are translated into non-negligible signatures in the photon temperature and polarization anisotropies as well as in the galaxy clustering power spectrum, as illustrated in Fig. 1 . The limits quoted above on the δ parameter imply 95% CL lower bounds on the sound speed of c s > 0.12 and c s > 0.2 from CMB (or CMB+POL) and CMB+POL+BAO respectively, see Tab. II. Figure 2 illustrates the sound speed evolution during inflation for the 95% CL upper limits on δ quoted above. As a comparison, the Planck collaboration constraints on primordial non-gaussianity in the context of general slow-roll inflationary scenarios provide the derived bound c s ≥ 0.024 at 95% CL [4, 10] .
The one-dimensional posterior probability distributions for α and δ are illustrated in the first two panels of Fig. 3 . From these results we can notice that once that BAO information is included in the data analyses, (a) the features in the power spectrum are required to be smaller, as the addition of BAO measurements leads to a tighter upper bound on δ; and (b) due to the lower error on the α parameter found in this case, the deviation from a scale-invariant n s = 1 power spectrum will be more significant than with CMB data only, as we shall comment below. The left panel of Fig. 4 shows the 68% and 95% CL allowed regions in the (ln [10 10 A s ], α) plane.
Notice that they show a mild anti-correlation, that will be mapped into the usual positive correlation between the n s and A s parameters [52] , as illustrated in the middle panel of Fig. 4 . Concerning the standard cosmological ΛCDM parameters Ω b h 2 , Ω c h 2 , θ s , τ and log [10 10 A s ] and the derived quantities H 0 and σ 8 , the limits we find here are very similar to those found by the Planck collaboration for the same combination of data sets [52] once the additional inflationary parameters, as the scale dependence of the primordial fluctuations (i.e. the running α s ) or the tensor-to-scalar ratio r, are also allowed to freely vary. Indeed, the limits we find are slightly more constraining than those quoted by the Planck team analyses for non-zero α s and/or r 4 , as in the phenomenological description of inflation explored here the former two parameters are derived quantities which must follow fixed trajectories for a given number of e-folds, i.e., they are not freely varied among some chosen priors. Therefore, our limits on the derived standard inflationary parameters n s , r and α s are, in general, much tighter than those quoted by Refs. [4, 52] , as they are further restricted in our inflationary approach, see Eqs. (3).
The third and the fourth panels of Fig. 3 show the one-dimensional probability distributions for the standard inflationary parameters n s and r. The mean values and their associated 95% CL errors we get for the scalar spectral index are n s = 0.960 ± 0.008, n s = 0.961 ± 0.007 and n s = 0.962 ± 0.006, for CMB, CMB+POL and CMB+POL+BAO respectively, rejecting scale invariance with a significance of about 10σ. As a comparison, when n s is considered a free parameter, the mean value and its 1σ error from CMB+POL are n s = 0.9645 ± 0.0049, discarding scale invariance at around 7σ [52] .
Concerning the tensor-to-scalar ratio r, as explicitly show in Ref. [45] , the measured value of the scalar spectral index n s 0.96 can be related to two different regions of r. The first one corresponds to very small values of r ∼ 10 −3 , and contains, for instance, Starobinsky models of inflation [64] , which will be represented in our phenomenological inflationary prescription by α = 2 and β = 1/2 [44] . The second region corresponds to much larger values of r, as those predicted in the chaotic inflationary scenario. Our numerical analyses show that current cosmological data isolates the first branch as the allowed one and rejects with very high significance the second one, as we find r < 0.003 at 95% CL from CMB data. The addition of BAO measurements slightly softens this limit, leading to r < 0.004 at 95% CL. These limits are much tighter than those found in Ref. [46] , due to (a) the predicted value of the r parameter is further reduced in the model explored here, which extends that of Ref. [46] by including a non-constant sound speed c s ; (b) the improved CMB measurements used here, which show a strong preference for the low-r region. Figure 4 , right panel, illustrates the 68% and 95% CL allowed regions in the plane of the (n s , r) derived parameters. Finally, the CMB+POL+BAO dataset gives a mean value and 95% CL errors on the running of the spectral index α s = 0.62
As previously stated, a varying sound speed, c s = c s (τ ) can generate non-gaussianties. Assuming the upper 95% CL limits on the δ parameter quoted above, which modulates the time-dependence of the sound speed during inflation, the maximal non-gaussianity amplitude is |f equil NL | ∼ 2. The current limit on equilateral nongaussianity from the Planck experiment [10] including polarization data is f equil NL = −4 ± 43, and therefore it does not provide additional constraints in the model explored here. Despite the fact that future surveys, such as the planned SPHEREx [65] , based on accurate measurements of both the power spectrum and the bispectrum, could greatly improve the current limits on the amplitude of non-gaussianties of the so-called local type [66] , equilateral non-gaussianity does not give rise to a scaledependent bias in the matter power spectrum. However, higher-order spectra, such as the bispectrum of halos and galaxies, could be enhanced in the presence of equilateral non-gaussianities [67] , and future surveys could provide competitive limits to current CMB bounds on f equil NL [68] , serving as a consistency check of the CMB derived constraints and probing this shape of non-gaussianity at smaller scales. High-redshift, all-sky surveys, reaching z ∼ 5, could test f equil NL ∼ 2 [67, 69] , providing an independent test of the phenomenological inflationary model studied here.
V. CONCLUSIONS
Inflation is currently the most compelling theory to address the standard cosmological problems as well as the origin of the primordial perturbations. In the simplest slow-roll inflationary models, the sound speed of the primordial curvature perturbations is that of the speed of light (c s = 1). However, there are plenty of other possible mechanisms equally allowed by current cosmological measurements in which the sound speed is not constant during inflation. In these models, the non-constant sound speed will give rise to scale-dependent features in the primordial power spectrum. Also, a time-varying sound speed will induce an equilateral non-gaussianity amplitude, f equil NL , which, in general, is expected to be scaledependent.
Usually, data analyses are presented in terms of the scalar spectral index n s and the tensor-to-scalar ratio r, which can then be related to a particular model via the inflationary slow-roll parameters. Here we analyze an alternative parametrization due to Mukhanov [44] [45] [46] , in which inflation is described by means of (a) an equation of state with two free parameters which can describe a plethora of inflationary models; and (b) a sound speed with also two free parameters which allows us to account as well for non-canonical scenarios. Both the equation of state and the sound speed depend on the number of e-folds N . Exploiting the most recent CMB measurements from the Planck satellite, which include temperature and polarization data, and also BAO measurements from a number of galaxy surveys, we have performed Markov Chain Monte Carlo (MCMC) analyses of this phenomenological approach to inflation. The resulting 95% CL limit on the sound speed of the primordial curvature perturbation is c s > 0.2, assuming a number of e-folds N = 60. The obtained bounds on the equation 3 . The first two panels show the one-dimensional posterior probability distributions for the parameters describing the phenomenological description of inflation studied here. The second two panels depict the corresponding one-dimensional posterior probability for the derived parameters ns and r. of state parameters (which seem to favour Starobinskylike scenarios) can be translated into constraints in the usual inflationary parameters n s and r, which are derived quantities, rather than freely varying ones. Within this parametrization we are able to discard scale invariance with a significance of about 10σ, and the tensor-to scalar ratio is constrained to be r < 0.003 at 95% CL. As in the case of the tilt, the running of the spectral index within this phenomenological approach is always negative, and its 95% CL bounds are α s = −0.62
+0.08
−0.09 × 10 −3 . These constraints are much tighter than those quoted by the Planck collaboration, as n s , r and α s are not free parameters in this approach. Given a number of e-folds, these quantities are related in a specific way, and must follow fixed trajectories in their respective parameter space [45] .
Additional bounds could be placed using the nongaussinity signals in these models. However, our stringent constraint on the sound speed leads to a very small non-gaussianitity amplitude, |f equil NL | ∼ 2, which lies an order of magnitude below current CMB limits on equilateral non-gaussianities. Future all-sky, high-redshift surveys may provide an additional test of the phenomenological inflationary description provided here, via the measurement of the bispectrum and higher order spectra of biased objects, such as halos or galaxies.
